We present evidence of etching LiNbO 3 when annealing two wafers in contact with an intermediate Ti strip. Etched features are characterized qualitatively using atomic force microscopy. The impact of the Ti strip thickness on the depth and roughness of the etched surface is quantified. Etched trenches of similar depths to the original Ti film are achieved with very smooth etched surface.
gratings, 3 and photonic crystals. 4 Reported techniques for surface machining LiNbO 3 are wet chemical etching, 5 laser ablation, 6 focused ion beam etching, 7 and reactive ion etching. 8 These techniques can cause surface roughness and may reveal unwanted crystal facets.
Waveguides in LiNbO 3 are often formed by Ti indiffusion to locally increase the refractive index. 9 The Ti diffusion process has been rigorously studied. [10] [11] [12] To achieve Ti indiffusion, LiNbO 3 is coated with a thin Ti film ͑100 nm͒ and annealed at high temperature ͑1050°C͒. The Ti 4+ ions migrate into the bulk LiNbO 3 and are accommodated in Nb 5+ and Li + sites. 9 These displaced cations diffuse into the Ti strip causing strong localized charging.
Ti diffusion is often conducted in a wet oxygen atmosphere to suppress Li outdiffusion. 13 The presence of O 2− and H + at a high temperature, combined with strong charge accumulation, suggests the possibility of achieving reactive ion etching close to the Ti features.
Our initial investigation is aimed to establish whether etching of LiNbO 3 occurs during Ti indiffusion. Our experimental method is depicted in Fig. 1 . A wafer of congruent, X-cut LiNbO 3 was e-beam evaporated with 100 nm Ti film and patterned to form 7 m wide strips. This wafer was then covered with a second wafer of LiNbO 3 and the two wafers were annealed at 1050°C for 10 h, as depicted in Fig. 1͑a͒ . During annealing, oxygen was passed through a column of water at 60°C and then into the furnace at a rate of 1 L/ min. After annealing, the top and bottom wafers were separated. We examined the separated wafers for evidence of etching in the region of the Ti strip, as illustrated in Fig. 1͑b͒ .
After annealing, the two wafers were profiled using atomic force microscopy ͑AFM͒. Profiles of the features present on the lower and upper wafers are presented in Figs. 2͑a͒ and 2͑b͒, respectively. The lower wafer exhibits a raised ridge in place of the Ti strip. This ridge has an irregular top and sidewalls that curve gradually. An etched trench is indeed evident in the upper wafer of Fig. 2͑b͒ . This has smooth curved sidewalls and a flat bottom. Figure 2 represents qualitative evidence of etching during Ti indiffusion.
We then conducted an experiment to quantitatively characterize the impact of the Ti film thickness on the height and roughness of the observed features. Congruent X-cut LiNbO 3 wafers of 1 cm 2 were e-beam evaporated with Ti films of various thicknesses covering only half of their surface. An Ambios XP-2 contact profilometer was used to measure the Ti film thicknesses as 29, 74, 108, 160, 234, 315, and 483 nm. Each of these wafers was then covered with a small uncoated wafer of LiNbO 3 , placed such that a portion of Ti on the lower wafer was covered ͓as shown in Fig 1͑a͔͒. All of the wafers were placed into a tube furnace and annealed simultaneously using the conditions described previously. The wafers were again easily separated. The topology of each wafer was then characterized with the contact profilometer. Figure 3 presents profiles of the wafers with 315 nm of Ti. The original Ti strip is evidently quite smooth. The raised ridge is extremely rough. This observation has previously been reported.
14 Inspection with an scanning electron microscope revealed the formation of crystals on the Ti ridge. An etched region is clearly evident in Fig. 3 ͑circle͒. This is remarkably smooth considering the roughness of the raised ridge. The side wall of the etched trench is more gradual than the side walls of the original Ti strip or the raised ridge. A small shelf is evident at the base of the raised ridge. It is possible that this is composed of material deposited from the upper wafer.
Profiles similar to Fig. 3 were recorded for all samples. Figure 4 presents the collated step heights for all wafers. The height of the raised ridge on the uncovered wafer ͑normal Ti diffusion͒ is approximately twice the initial Ti thickness. For the covered Ti diffusion ͑bare wafer placed on top of Ti film͒, the etch depth observed on the upper wafers has a similar proportionality for original Ti thickness up to 100 nm. Beyond this point, the etching begins to saturate a͒ Electronic mail: vijaysivan@ieee.org.
FIG. 1. ͑Color online͒ Experimental method for etching during Ti diffusion.
͑a͒ A LiNbO 3 wafer with a Ti strip deposited on it is covered with another piece of LiNbO 3 wafer and diffused. ͑b͒ After diffusion, etching is expected in the top wafer while deposition is expected on the lower wafer.
and, for thicknesses greater than 300 nm, the observed etch depth actually begins to reduce. The raised ridge on the covered lower wafer appears to vary as the sum of the uncovered ridge height and the upper wafer etch depth, suggesting that the etched material is redeposited on the lower wafer. Figure 5 presents the rms roughness of each sample as a function of initial Ti thickness, extracted from the profilometer traces. With initial Ti thickness below 100 nm, all regions are as smooth as an untreated wafer. For Ti thicknesses above 100 nm, the roughness of the raised ridge increases rapidly for both covered and uncovered Ti strips ͑as previously observed in Fig. 3͒ . It is of great interest to note that the roughness of the etched surface remains almost as smooth as the original wafer even when the raised ridge is extremely rough. The fact that the etched surface does not acquire the rough features of the Ti ridge suggests that the Ti film is not directly involved in the etching reaction.
We attempt to explain this behavior as follows. The Ti diffusion process begins with the Ti film incorporating oxygen from the atmosphere to form a coarse polycrystalline rutile phase of TiO 2 , 9,14 which is significantly thicker than the original Ti film. As the Ti diffusion proceeds, Li + and Nb 5+ cations migrate from the bulk LiNbO 3 into the oxidized strip, dissolving the rutile crystals into a mixed Ti, Li, Nb oxide. 9 At this point, the Ti strip can be termed depleted. The duration of this process will depend on the Ti film thickness, with thicker films taking longer to deplete than thinner films. It is evident from Figs. 4 and 5 that annealing for 10 h at 1050°C fully depletes Ti strips of 100 nm or less.
It can be hypothesized that the observed etching process is electrochemical in nature. For this process to be sustained, charges must be present at the reacting surfaces. If the depletion of the Ti strip is evidence for the presence of cations at the strip surface then, according to our hypothesis, efficient etching should only occur after the surface roughness has vanished. Figure 4 shows that the etch depth ceases to scale with the Ti strip thickness once the strip thickness exceeds 100 nm. Figure 5 shows that this is also the point at which significant ridge roughness can be detected. This evidence supports our hypothesis.
To quantitatively compare the depleted and undepleted samples, the surface composition of each sample was analyzed using energy dispersive x-ray ͑EDX͒ spectroscopy within an FEIe Quanta 200 environmental scanning electron microscope, at 30 kV, low vacuum and in the backscattering light condition. Table I gives the atomic percentage ͑at. % ͒ of Nb, O, and Ti for wafers with initial Ti films of 108 and 315 nm for the covered and uncovered raised ridges and the etched surface of the upper wafer. Unfortunately, the EDX technique cannot detect the Li content. We have, thus, ignored the Li concentration, although it is appreciated that the Li concentration will vary significantly between these samples.
The EDX data of Table I shows that the composition of the etched surface is almost identical to that of the uncoated LiNbO 3 wafer. In particular, Table I shows that there is no Ti incorporated into the upper etched wafer regardless of whether the Ti is depleted or not. This evidence supports the hypothesis that Ti does not play a direct role in the etching reaction. Comparing the surface composition of the depleted and undepleted ridges, it is clear that the Ti fraction decreases and Nb fraction increases as the film is depleted. Table I also suggests that the oxygen content at the surface increases slightly as the Ti is depleted, however, the Li content should be known to draw this conclusion.
For many applications, it will be important that the LiNbO 3 maintains its ferroelectric crystal phase at the etched surface. A standard -2 x-ray diffraction ͑XRD͒ scan was performed on the etched and bare LiNbO 3 regions. The XRD diffractograms were identical indicating that, averaged over a 10 m depth, the LiNbO 3 phase is maintained. It is still possible that a shallow region of crystal damage exists beneath the etched surface. To explore the quality of the etched LiNbO 3 surface, a sample was prepared with half its width etched to 200 nm and the other half unetched. After etching, Ti diffused strip waveguides were defined on both the etched and unetched surfaces of the sample by diffusing 3-7 m wide, 100 nm thick Ti strips at 1010°C for 15 h in wet oxygen atmosphere. These waveguides were polished to a length of 1.8 cm and the optical propagation loss was measured, using the Fabry-Pérot technique, 15 to be 2.2 dB ͑TE͒ and 3.8 dB ͑TM͒ on the unetched region and 1.6 dB ͑TE͒ and 3 dB ͑TM͒ on the etched region. These loss values have some variability due to nonparallel end facets. The results indicate that even if there is a shallow damaged layer on the etched surface, it does not introduce significant additional waveguide loss. It would be of interest to depth profile the samples using secondary ion mass spectrometry ͑SIMS͒. This would reveal the composition of the raised ridge, the diffusion profile of the cations from the bulk LiNbO 3 into the ridge and the composition of the material that is deposited from the upper wafer. SIMS would also enable analysis of both Li and H content. Further investigations using grazing incidence x-ray diffraction and transmission electron microscopy would be able to provide better insight on the crystallography and accurate interpretations to the SIMS analysis. A complete composition and crystallographic profile will be essential to fully explain this observed etching phenomenon. We are, thus, pursuing opportunities to access suitable facilities to perform these more complete analysis.
